The distribution of wintering humpback whales, Megaptera novaeangliae, was investigated during the
Introduction
Southern humpback whales (Megaptera novaeangliae) feed around Antarctica during the austral summer and winter in tropical latitudes (Dawbin, 1966 (Dawbin, , 1997 Patterson, 1991; Winn & Reichley, 1985) , including the South Tropical Pacific Ocean (Reeves et al., 1999) . Little is known about humpback distribution in the waters of French Polynesia, although their presence was reported by Poole (1993) and further documented mostly from study sites in the Society Islands (the Societies) (Gannier, 2000; Gannier & Gannier, 1998) and Rurutu, a whale-watching site in the Australes (Lefèvre et al., 1999; Poole & Darling, 1999) . Humpback whales commonly are seen in French Polynesia from July to December, and an extended distribution range was suspected from preliminary survey results, even before data from the Marquesas and Tuamotu were obtained (Bourreau & Gannier, 2001; Gannier et al., 2000) . On wintering grounds, soniferous whales are males (Darling & Bérubé, 2001; Darling et al., 1983) and quiet whales may be juveniles, subadults, or adults of both sexes. Hence, visual-only surveys are inadequate to detect male humpback whales because the dive time of male singers ranges from 12 to 25 min (Spitz et al., 2002) , with surfacing periods of only 1 to 2 min. The aim of this study was to provide a reasonable picture of wintering humpback whale distribution in French Polynesia. French Polynesia consists of 118 islands in four archipelagos spread over 5,000,000 km challenge. A series of small boat surveys was carried out from 1997 to 2002, combining visual and acoustic sampling, and covering 29 islands in the Societies, the Australes, the Marquesas, and the northern and central Tuamotu. They were complemented by records from an opportunistic large vessel survey held in 1999, and from a sighting program organized with the French Armed Forces in [2001] [2002] .
Materials and Methods

Area of Study
Islands in French Polynesia are grouped in four archipelagos (Figure 1 ): the Societies (centered at 17° S, 150° W), which have been divided for the study into the Leeward group (five islands covered) and the Windward group (Tahiti, Moorea, and Maiao); the Marquesas centered at 9° S, 140° W (ten islands); the Australes with six islands, five of which are lined 200 km apart between 22° S, 155° W (close to the southern Cook Islands) and 24° S, 148° W; and the Tuamotu-Gambier Archipelagos, a group of 75 atolls spread over 2,000,000 km 2 (between 14° S, 150° W and 24° S, 134° W). The two latter archipelagos were partially sampled, the dedicated survey covering three of the Australes (Raivavae, Tubuai, and Rurutu) and nine of the northern and central TuamotuGambier groups (Makatea, Tikehau, Rangiroa, Arutua, Apataki, Toau, Fakarava, Kauehi, and Aratika). The French Armed Forces covered all archipelagos.
Most islands are surrounded by a coral reef, including atolls where barrier reefs are the only emerging part of the island edifice. Continental shelves are absent in French Polynesia, with the exception of the Marquesas Archipelago, whose islands are surrounded by a 5-10 km and about a 50 m deep shelf. All islands are of volcanic origin with 10-20° steep slopes, hence depths of more than 500 m are reached within 2 km from the coast or reef line. Water masses in French Polynesia are generally oligotrophic (Rougerie & Rancher, 1994) , with the exception of the Marquesas, which lie at the boundary of the equatorial belt (Signorini et al., 1999) . Sea surface temperature of 22-27° C are found within the area of study during the humpback wintering season, though it is dependent on the El Niño Southern Oscillation (ENSO) situation. (Table 1) . The same field protocol was applied along the survey period; visual searching was combined with systematic acoustic samples. The boat moved in zigzag tracks around the islands, mostly inshore and using diesel propulsion (speed 10 km/h). Surveys took place with wind speed less or equal to Beaufort 4. Offshore data were obtained during travel from one island to the next. Results from a six-week preliminary survey carried out in 1996 showed that humpbacks were concentrated close to the barrier reef, so from 1997 onwards we decided to sample a 3-km strip around the islands. Three observers shared the frontal sector, searching with naked eyes. Whales were positioned upon detection (i.e., radial distance and bearing were estimated) and approached. A single-channel towed hydrophone (Magrec Ltd, UK) was used throughout the study; the effective band width was 200 Hz-15 kHz. Acoustic listening was performed every 20 min. Whenever a singing whale was detected, it was tentatively located and approached using both acoustic and visual techniques. The opportunistic vessel survey took place from 7 July to 5 August 1999 while the R/V L'Atalante was engaged in geophysical research over a large area embodying much of the Australes Archipelago, located at about 23° S latitude, some 600 km south of Tahiti (Figure 1 ). One observer searched with naked-eye from the upper deck (15 m above the surface) while the vessel cruised at 18.5 km/h. The searching was interrupted when the wind speed exceeded Beaufort 5. This was a passing mode survey, and species identification was done with a pair of 10x50 binoculars.
Complementary data were collected from Armed Forces units in French Polynesia: the Gendarmerie Nationale, the Air Force helicopters and aircrafts, and the Navy patrol aircrafts and ships. After comprehensive training, sighting data were collected from June to November 2001 and 2002. This set of data was an opportunity to gain distribution knowledge for areas beyond our dedicated survey possibilities. The Armed Forces were not requested to report area coverage, but have been covering all areas in French Polynesia.
Data Processing
Oedipe geographical software (Massé & Cadiou, 1994) was used for mapping and effort calculations. Visual and acoustic data were used separately to quantify the whale presence. The distribution of whales was assessed by pooling data obtained over the whole period of survey (1997) (1998) (1999) (2000) (2001) (2002) . Only data collected within an archipelago were used to determine large-scale distribution; therefore, sampling segments from journeys between archipelagos were not included in the analysis. Acoustic data were mapped and a simple singing rate was computed to quantify singer presence in different archipelagos: A% = 100 x (P / N+P) where, P is the number of positive listenings (i.e., when a whale song was heard during the station) and N the number of negative listenings. Visual data were converted to a sighting rate for individuals (SRI), estimated for each archipelago by taking the daily effort as the sample unit: SRI = (n.S) / (2L) where, n is the number of on-effort sightings, S is the mean school size, and L is the effective sampling effort. Estimates were obtained by pooling inshore data from individual islands. This index was derived from the line-transect estimator formulated in Buckland et al. (1993) by taking the effective search width (ESW) as equal to unity (1 km), as in a strip transect approach. SRI may be assumed to be unbiased, provided that detection performance does not vary among surveys, which would be the case for a given survey protocol (i.e., same platform and number of observers) and if sighting conditions were constant on average. This assumption was realistic because only sampling effort obtained with sea state of Beaufort ≤ 4 was retained for the processing of SRI. Estimates were obtained with Distance 2.2 software (Laake et al., 1994) and SRI variances were estimated with component variances.
Confidence intervals were estimated on the basis of a log-normal distribution of the sighting rates for individuals as would be true for a density estimate (Buckland et al., 1993) .
The same method was used to estimate the distribution from the large vessel opportunistic survey, whose results were kept separate from the small boat dedicated survey. French Armed Forces data were not effort-corrected and were used as complementary records to determine large-scale distribution range.
Results
Survey Effort
A total of 12,695 km was covered on-effort during dedicated surveys, including 9,276 km inshore. Because the Windward group in the Societies was monitored throughout the study period, other archipelagos received a less intense, but equivalent, effort ( 
Visual Detections
Humpback whales were observed in the Societies, Australes, and Tuamotu, but not in the Marquesas. A total of 129 groups of humpback whales were observed on-effort during the sailboat surveys ( Figure 3 ). Fourteen sightings were obtained in 1997, 17 in 1998, 30 in 1999, 22 in 2000, 15 in 2001, and 31 in 2002 . Humpbacks mostly were observed in groups of one to four animals, with only one group of six individuals; 51% of sightings were single animals, 36% were pairs, 10% were groups of three animals, and 4% were groups of ≥ four animals. Female/calf (a 4-6 m whale) pairs were sighted on 14 occasions, and female/juvenile (a 7-9 m whale) pairs on seven occasions; in addition, 232 Gannier either one calf or one juvenile was observed in 28 groups numbering ≥ 3 individuals.
Acoustic Distribution Results
We obtained 538 detections of singing males in all archipelagos, except the Marquesas, or 20.7% of the samples as a global average (Figure 4 ). We had a 27.0% singing rate in the Windwards, 26.4% in the Australes, 16.4% in the Leewards, and 9.4% in the Tuamotu. There was an indication of temporal variation in the Windwards, with a singing rate of 33% for the period 1997-1999 (723 samples) compared to 21% for 2000-2002 (735 samples).
Visual Distribution Results
The sighting rate varied from 1.04 groups/100 km in the Australes, 0.85 groups/100 km in the Windwards, 0.41 groups/100 km in the Tuamotu, and 0.25 groups/100 km in the Leewards (Table  2) . Mean school sizes varied from 1.80 in the Windwards to 1.40 individual/group in the Leewards. The apparent group structures were similar, with schools of three animals or more and the presence of mother/calf pairs in the three archipelagos where humpback whales were observed. The SRI estimates indicated that whale distribution was denser in the Australes and Windward Islands, with respective indices of 1.48 whales/ 100 km (CV=33.5%) and 1.54 whales/100 km (CV=13.2%), than in the Tuamotu and Leewards (0.72 and 0.35 whales/100 km, respectively, with CV of 41.2% and 49.3%) ( Table 2 ). We noted a marked contrast between the Leewards and Windwards, two groups of islands less than 150 km apart.
Opportunistic Survey and Armed Forces Sightings
The opportunistic survey delivered 17 sightings on 20 individuals. Due to the distance, three sightings were not identified with certitude; however, blows and surface behavior corresponded to those of humpback whales rather than to larger rorqual species or to sperm whales (Physeter catodon). Hence, these data were recorded and processed as Figure 5 ).
Discussion
For this study, 29 islands in four archipelagos were sampled. Armed Forces sightings accounted for nine additional islands (although the Armed Forces did not report coverage). Hence, the distribution of whales was directly determined for 38 islands, and humpback whales were observed close to 27 islands. In an earlier report, Poole & Darling (1999) stated from various data sources that humpback whales had occurred around 25 islands and four archipelagos during the 1988-1998 period. The large-scale distribution may be compared with information on the Hawaiian or Caribbean breeding grounds, where whales disperse over a large region while being concentrated in a core area such as the four-islands region in Hawaii (Darling et al., 1983; Swartz et al., 2001) . Both visual and acoustic results showed that whale presence is more intense in the Australes and Windwards, with SRI estimates in the 1.5 whales/100 km range, than in the Leeward and Tuamotu Islands (SRI=0.35-0.7 range). Our "core" distribution area would be the region centered close to 150° W longitude and shared by the northern Australes, the Windwards, and the northwestern Tuamotu (Figure 4) . In several oceanic regions, main wintering and breeding areas include shallow water sites (Smith et al., 1999; Winn & Reichley, 1985) . Mobley et al. (1993) observed that humpback whales off Hawaii's main archipelago consistently favored waters less than 180 m deep, including the shallow Penguin bank. Among the archipelagos of French Polynesia, only the Marquesas include a shelf; however, shallow waters are found in the offshore banks of the Australes and within the Tuamotu atolls. Tuamotu lagoons often communicate with the ocean, although passes include in many cases a very shallow sill, which makes the safe entrance of whales difficult. Physiography alone could not explain the distribution differences found in French Polynesia.
The acoustic rate in the Tuamotu (9.4%) was lower than in the Leewards (16.4%), as opposed to the visual SRI. Singing whales usually are not engaged in surface activity (Darling & Bérubé, 2001 ); thus, they are less likely to be visually detected. Singing is a reflection of social behavior at the time of the survey, and because acoustic and visual detection can vary locally over short time spans, our observed differences may also be due to a limited survey effort.
In the Societies, the islands of Mehetia (eastern Windwards) and Maupelia (western Leewards) were reported to shelter several whales (Joshua Rouger, pers. comm.) in 2001 and 2002. Consequently, from our sightings and available reports (Gannier, 2000; Poole, 1993; Poole & Darling, 1999) , we consider that all 14 islands of the Leewards and Windwards groups shelter humpback whales, most of them throughout the wintering period.
In the Australes Archipelago, four islands (Raivavae, Tubuai, Rurutu, and Rimatara) shelter whales, including singers and mother/calf pairs, and the Maria atoll (located further west and then closer to the Cook Islands) undoubtedly hosts wintering whales. From the large vessel survey, we learned that whales also were located over shallow banks in the offshore part of this archipelago; however, due to the survey time (July 1999-early in the wintering season), it could not be determined if such remote sites were used throughout the wintering season or only by northbound migrating whales. The humpback whale normally is known to winter in shallow or inshore waters (Winn & Reichley, 1985) , but there are examples of the offshore presence of animals (Swartz et al., 2001) .
For the Tuamotu-Gambier Archipelago, our visual and acoustic results showed an extended distribution range, in particular for the northern and central Tuamotu Atolls, most of which sheltered at least one male singer. During the survey, sightings were reported regularly to us by local people and appeared to be common in Makemo (17° S, 144° W) and up to the northern atolls of Takaroa-Takapoto (14° S). The Armed Forces reported that observing a group of five whales, including a calf, in Mururoa (22° S, 139° W) was not exceptional, since whales were sighted in this much surveyed atoll as early as in 1991. In the Gambier Islands (a southern extension of the Tuamotu), located southeast at 136° W and 23° S, humpback whales are seen regularly during July and August (Francis Sanford, pers. comm., 2001) , as mentioned by Reeves et al. (1999) , but not throughout the wintering season. In summary, a total of 65 atolls north of 22° S are within regular distribution range and may host humpback whales either permanently or frequently, possibly to the same extent as the northern and central Tuamotu, which were all shown (this study) to shelter whales. Therefore, the Tuamotu Archipelago potentially hosts the major portion of the wintering whales in French Polynesia.
We did not observe humpbacks during surveys between September and November 2000 in the Marquesas (Laran & Gannier, 2001 ). Nevertheless, a few humpback whales are observed there on a yearly basis, according to information gathered from local people during our two surveys and particularly mother-calf pairs (unpublished data, Gannier, 2002) . This suggests that the winter presence of humpback whales in the Marquesas (10 islands) is marginal compared to the Societies, Australes, and Tuamotu, perhaps because this archipelago is located further north than the other ones. The documented presence of killer whales (Orcinus orca) in the Marquesas (Gannier, 2002; Gendarmerie de Ua Pou, pers. comm., 2002; Gendarmerie de Nuku Hiva, pers. comm., 2003) might also account for a lower occurrence near this archipelago.
Our survey work and accompanying sighting reports suggest the humpback's wintering range extends over an area of 1,745,000 km 2 , covering 84 islands in the Australes, the Societies, and a major portion of the Tuamotu ( Figure 5 ). This immense range extension has clear consequences in terms of monitoring. It also makes estimating abundance from photo-identification from a few islands (Tahiti, Moorea, and Rurutu) problematic. Poole & Darling (1999) identified 54 whales from fluke photographs in Moorea during the 1991-1998 period; however, this should not be considered a bottom-line abundance estimate of the wintering population in French Polynesia, which may amount to several hundred whales as suggested by the present study. Furthermore, the humpback population wintering in French Polynesia probably wanders into other archipelagos such as the Cook Islands (Hauser et al., 1999) . The extent of migratory movement between nearby wintering sites in the southern hemisphere is still in question (Garrigue et al., 2000) , with recent evidence that humpback songs from different "substocks" are very similar (Helweg et al., 1998) . There is a continuum of known or possible breeding sites among archipelagos, ranging from the Tuamotu to eastern Australia (Figure 1) . It is crucial to determine the population identity of humpback whales wintering in French Polynesia and, in particular, if these whales belong to the Antarctic Area V stock, identified by early research (Dawbin, 1966) , or to an eventual Antarctic Area VI stock, much less documented.
Conclusions
This study brought a new perception of the humpback whales distribution in French Polynesia. Compared to existing knowledge, we have shown that the Tuamotu Archipelago is an important area for wintering whales. The use of a combined acoustic and visual survey method enabled semiquantitative distribution results. This extended distribution range is a key factor for any future study dealing with the conservation status of humpback whales wintering in French Polynesia, particularly if abundance or stock identity are concerned.
